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I INTRODUCTION

The finding (1) that thiootic acid (ThA)! is removed from extracts of

the oiliated protozosn, Tetrahymena pyriformis, by treatment with adsorption

elumina suggested that this procedurs may provide a tool for investigations of
functions of Thd other than the established participation in oC-keto aocid oxidae
tions (2, 3)e The role of the cofactor in these oxidations suggests partioipation
in additional a.oyl' transfer reactions. The animal acetate-aoctivating system
(reaction 1) seomed e likely su;pect. |

acetate + ATP + Co A - .=+ aocetyl-Co A « AMP + PP (1)

P

II RESULTS

Thioctic aoid requirement of the acetate mystem

Alumina treatment of pigeon liver acetone powder extracts decreases the
rate of acetyl-Co A formation from acetate; the thicotic sold content of the
extraot is also deoreased (Table I), Addition of synthetio thioctio ecid restores

activity to mixtures oontaining treated enzyme.

TABLE I. Alumina Treatment of Acetone Powder Extraots

System 1 oontained in 1.0 ml: 75 pM Na acetete; 20 units Co A3 100 uM Tris buffer,
pH 8423 10 uM GSH; 200 uM hydroxylamine; 10 uM Na-ATP; 10 uM MgClp; 60 uM NaF.
System 2 ocontained in 1.0 mlt 70 uM Na acetate; 20 uM Co A3 100 uM phosphate
buffer, pH 8.2; 10 uM GSH; 10 nM Na~ATP; 10 uM MgClp; 60 pM NaF; S. faecalis
extraot containing 2.3 ng protein. System 3 oontained in 1.0 ml: 75 uM Na acetate;
20 units Co A; 100 pM Na-ATP; 10 uM IgClzs 60 nM NaF. In all oases 18 mg protein
of extract were inocubated 90 min. at 329 C. The ThA content of the extract added
was 04527 nge After alumina treatment the cofactor oontent was 0.05 ug.

Enzyme treatment Bysten 1 Bystem 2 ~System
and additions hydroxamate formed aoetyl phosphate formed oitrate formed
o i Wi
None 1.25 1.17 1.20
+ 0ol pg ThA 1..19 1,16 1,21
Alumina treated 0.11 0420 0.16
+ 0.1 pg ThA 1e17 1.16 1.16

1. The following ebbreviations are used: ATP, adenosine triphosphate; AMP,
adenosine monophosphate; PP, inorganic pyrophosphate; Co A, coenzyme A; BAL,
2,3-dimorcaptophropancl; G8H, glutathione; Tris, tris-(hydroxymethyl)-
aminomethane; ThA, thiocotio acid; DPN, diphosphopyridine nucleotide; DZT,
diphosphothiamine; Pi, inorganic phosphorus.
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.8 antioipated in a Thi dependent system (4), arsenite inhibits the
aoetate-aotivating reaction; aresenate is without effest. Adjustmont of the
thiootio acid content of extracts to just optimal levels by alumina treatment and
the addition of synthetio thioctiec aoid rosults in preparetions whioh are much
more sonsitive to tho inhibitor than are untreated extreots whioh oontain exoess
ocofactor., The esrsenite inhibition is revsrsed by BAL, but not by such monothiol

oompounds as oysteine, thioglyoollate, or additional amounts of GSH (Table II).

TABLE II. Arsenite Inhibition of Acetate Activating System

The inoubation mixture was as desoribed in System 1 of Toable I. The extrs.t oon=-
taining 16 mge. of protein was incubated for 90 min. at 32° C. The ThA oontont of
this amount of untreated extraot wns 0.466 pg. Jfter alumina treatment the
cofaotor oontenc was 04053 jge

Hydroxamate formed

Additions Untroated extraot Alumine created extract
.. 041 g Thi
uid nM
None 0,92 0.84
2 pM arsenite 088 0.51
4 nM arsenito 0,71 0.24
8 M arsenite 0.62 0,08
8 1M arsonate 0.081 0,81
4 arserite
§ + 20 p.ll oysteine 0,68 0426

4 uM arsenite
+20 pM thioglyoollate 0.70 0423

4 P.M arsenite
+ 10 pM additional GSH 0.66 0ecb

4 pM arsenite

T R Pree ¥y
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ond is inhibited by potassium ions (Figs 1).

FIGURE 1,

Sodium Ion Stimilatvion of Thi. Reversal of Alumina Treated lwoetate

Revorsal of tho alumina effeot by added ThA is stimulated by sodium icns

However, in tho presonce of high
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Enzymo ot varlous lovols of Potossium Ion Conoentraticn

Tho inoubation mixtures wore ns described for System 3 in the legend of Table I.
All acidio compenents were converted to thoir Tris salts,
powder: was oxtraotod with 0.1 M Tris buffor, pH 8.2.
troatment in cach of the vorious mixturos was teken as 100%.
included in mixtures after alumina treatment.
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oonoontrations of potassium ions, whore Thi is inactive, tho roducod form of tho

cofactor, dihydrothiootic acid, inoreascs tho rate of acotyl-Co A formation

(Fig. 2). For activity in the ncotato eotivating reaction then, tho disulfide
linkogo of Thi must be roduotively split by a system which is astimilatod by sodium
] ions and inhibitod by potassium ions. This system is inactivatod by ropeated

freozing and thawing.

3 FIGURE 2. Stimulation of Alumine Troatod Extracts by Dihydrothioctio Aoid in the
Progonco of Targo Amounts of Potassium Ion

Tho inoubation mixturo was as dosoribed for aystem 1 in tho legond of Table I,
£ oxcopt that 100 pM of KCl wero inoluded. Tho oxtract (18 mg of protoin) was
3 alumina troated and inoubatod 90 min, at 32° C.
4 Tl ppermaen e s Srmm e e e
i
f: ,
E. ; /’-
{ 1.8" . T
3 i v
i e
! ,-/
@ | e
) | L
g 0.8 | /" dehydro ThA
} /
i /’
E W |
i /
!
- ThA .
T S SO (F S S RE ISP SRPPS | (I O OIS S R SRRV (S SIS = _._.é
02 g «04 ‘ .06 »08
& pM ThA

Tho Bemothyl derivative of ThA whioh is antagonistio to tho cofaoctor for

I the growth of soveral mioroorganisms (6), alsq inhibits the acotate activating
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reaation; the inhibition is reversed by ThA (Fig. 3). In the presence of high

ooncentrations of potassium ion the analog is not inhibitory (Table III). To be

FIGURE 3. Effect of 8emethyl ThA on Acetats Activating Activity of Acetone Powder
Extraots at Vargoue Tovels of ThA

3 The inoubation mixture was as desoribed for system 1 in the legend of Table I.

4 Fifteen mg of protein sontaining 04533 pg of thiootio aold were inoubated for
: 90 min. at 32° C.
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TABLE III. Effect of Potassium Ions op 8-methyl ThA Inhibition of Aoetate
Activation

§ The incubation was a desoribed for system 2 in the legend of Tavle I. KCl and
8-mothyl ThA added as indiocated. The acetone powder extract containing 13 mg
protein and the S. fasoalis extraot containing 0.2 mg protein were inocubated at
320 C. for 90 min.

KCl ooncentration Acetyl phosphato formed Inhibition
No Inhibitor 4 mg S~-methyl ThA
o mij oM z
one 1,06 0.52 51
40 4 1.07 0462 42
50 1.10 ' 0.84 24
70 1,13 0.98 13
100 1.23 1.21 0
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antagonistic to ThA in the acetate activating reaction the 8-methyl oumpound must
be oonverted to the dithiol form. This activation is apparently aohieved by the
same potassium sensitive nystem whioh activates ThA.
Jones, et. al. (6) demonstrated that the initial step in acetate activa-
tion is the formation of an enzyme-AMP complex (reaotion 2)., This may be measured
by the rate of exchange betweon isotopio PP

Enzyme 4 ATP =~ PP 4 Enzyme-AMP (2)

e ——

and ATP, Co A inhibits this exchange, indioating a subsequent exohangs of Co A
for AMP., Table IV shows that dithiol ThA also inhibits thie pyrophosphate ex-

change; the disulphide compound is without effect.

T

TABLE IV. P32 Exchange between Inorgenic PP and ATP

Inoubation mixture oontained in 1 mls 3.4 uM P32 pyrophosphate, at pH 7.5; 2.5 pM
K-ATP; 20 pM KF: 10 pM Mg Clp; 20 pM BpS; 200 pM Tris buffer, pH 7.5; additions as
listeds Inoubsted in air 20 min., at 37° C.

A SRR VT S QY

Additions Fxohange
pyrophosphate ATP
ots/min/ml, ots/min/uM ots/min/mle ots/min/pll b4
None 92,970 27,700 . 670 270 1.7
11 units enzyme 63,100 18,600 28,700 12,170 7649
11 units enzyme 76,610 23,520 16,580 7,080 42,2
+2 pM Co A
11 units enzyme 62,960 19,350 28,910 13,800 7946
+ 2 pM Co A
: 11 units enzyme 76,340 26,210 16,020 - 6,730 38.6
] + 2 pM dihydro
- ThA
11 units ongzymo 60,630 19,660 33,630 15,420 8646
+ 10 M KCN
11 units onzyme 68,340 21,180 24,000 10,000 59.7
+ 2 pM dihydro ,
ThA + 10 pM

KCN
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Cyanide acocelorates the pyrophosphato oxohange and whon in combination with dithiol

ThA, it reverses tho dihydrothiocotio aoid inhibition. This is oompatiblo with the

proposal that in theo aocotate system, ThA is bound to the engyme prot=in by a S«C

linkage, whioh is rendily broken by oyanide. Innibition of the pyrophosphate ox=-

ohango by dithiol ThA is then the result of £ vmation of largo amounts of this

engymo-dithiol thiootio aold complex whioh spoeds reaction 2 to the right. Tho

ST OSEIP Snre pogmrgmscwt gy 4 EIIRST

roaotion sequenoo of noetate oxidation moy thon bo visualized to prooeed ast

I
? Enez Enz-AMP
| LI ;S | + PP (3)
g S SH d S SH
é T L i
2 Enz-AMP Enz=SCoA ,
Z | + HSCoA ——— | 4+ AP (4)
g S H S SH
: l S
1 Enz-SColi EnzeSCoA
: | + CHz COOH ~—— + HOH (5)
] S 84 T 8 B8COCHz
4 1 ] | O Y——
Enz-SCoA Enz
+ HOH LS | <  CH3C0SCoA (6)
S  SCOCHj " S sH
§ [ N L

It is possible that roactions 4 and 6 may bo rovorsod in ordor; that is, that aco=
tato may ocombine with tho onzyme-thiootio oomplox prior te tho exohango betwoon

Co A and AWP, Tho sequenco of thoso ohangos aro boing investigated at prosent.

Tho Thiootio .Loid Splitting Enzymo

E The onzymo fraction of pigoon livor aocotono powder extraots whioh is

prooipitatod betwoon 36-70% ammonium sulfnte saturation oontains most of tho acetato

activating activity of the oxbraode This fraotion howevor doos not rospond to the

alumina treatmont for tho romoval of Thi. Howovor, combination with tho lowor

ammonium sulfate fraction (0=-35% saturation) whioh contains only slight aoctate

|
' activating activity, results in a mixturo whioh rospcnds to the alumina proocedure
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(Tabls V). The mixture of the two fraotions responds to arsenite inhibitions as
doss the unfraotionated oxtraot (of. Table II)s It seems that the low ammonium
sulfate fraotion functions by splitting protein bound ThA; liberated ThA is then
adsorbed on the alumina,

TABLE V. Alumina Treatment of Ammonium Sulfate Fraotions of Pigeon Liver Acetone
Powder Extraots

The incubation mixture was as desoribed for system 3 in the legend of Table I.
The ThA oontent of the 35-70% fraction amounted to 0.299 pg before alumina treate
ment. After treatment in combination with the 0~35% fraction, the oofaotor oon-
tent was 0.043 pg. Alumina trsatment of the 35~70% fraction alone did not alter
the ThA oontent. Inoubations were for 30 min. at 320 ¢,

T S e -
- Tan e

Citrate Formed

Additions 0~3567 fraotion 35-70% fraction 0~35% fraction
and treatments (18 mg portein) (12 mg protein) (3 mg protein)

T R P

ST e
1 36-70% fraotion
] (12 mg protein)

P pu pM
k None 0,03 0486 0.84
1 + Osl ug ThA 0.02 - Q.84 0.85
1 + 4 pM arsenite ———- 0472 0.68
Alumina treated ——e- 0.88 0.138
+0,1 Pg ThA - - 0.88 0087 i
+0.1 pg ThA +
2 arsenite -——— - 0431
+ 0.1 pg ThA +
2 ;m arsenite + J
5 ;m BAL ——— - . 0.82

It seems possible then that Thi can be removed from highly purified
enzymes by the alumina procedure--in oonjunction with the 0-357 exmonium sulfate
fraction from pigeon liver extraots. The large emounts of cofactor in purified
pyruvio oxidase (6) snd -ketoglutaric oxidase (7) are so tightly bound to the

protein that guch prooedures as dialysis, repeated washing, or ion-exochange

techuiques dc not dislcdge it




Tablo VI shows that thc prooedurc is offective in removing ThA from
Highly purifiod pyruvio oxidase from pigoon breast muscle. The almina procedure,
alsc in oconjunstion with the splittiag frootion (0=356% anmonium sulfate) from
pigoon livor extraots, romoves the cofactor from purified of ~kotogiutarioc oxidase

(Pige 4).

TABLE VI. Romovul of ThA from Purifiod Pyruvie Oxidase

Inoubation mixturc contained in 1.0 mlt &0 pM phosphute buffar, pH 7.4; 264 pi
MgCla; 146 pi MnCly; 1 puM GSH; Ol.15 pM UPN; 0647 uM DPT; 28 units Cod; 50 pM

Na pyruvate, and 0.24 mg protein of S. fanecoalis extract. Tho pyruvic oxidasc
wes of specifio activity 42. The livor frastion was added in amounts containing
35 mge of protein. Inoubations wore oarried out for 60 min. undor nitrogen at
38° C,

——

Enzymc rixture ThA ocentent Acotyl phosphate
ond troatment of addod enzymo formed
mixture
re pl
Pyruvic oxidase
None 04178 147
Alumina treated 0.183 1,7

Pyruvio oxidasc 4 liver
0=36% fraction

Nono 0380 1.6
4+ 1.0 pg ThA i 1.7
Alumine treated 0,044 02

<+ 1,0 Pg Thi - - 1.8

W Lo
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FIGURE 4. Effeot of Alumina Treatment of =kctoglutario Oxidase on Rate of
Reduotion _o._'i‘ PPN

Inoubation mixture contained in 3.0 mlt 75 units of Co A3 50 ysf GSH; o3 pM
DPFNi; 100 pM glyoylglyocine, pH 7.2, and engyme mixture. The enzyme mixture con~
tained 0.6 mg protein of « -ketoglutario cxidase, speoifio aotivity 66, and
10.9 mg of 0-35% liver fraoticn. The ThA oontent of the untreated mixture was
0263 pg, and in the alumine trsated mixture the oofactor amounted to 0,016 mug.

r
048 ;-
g |
o
. | untreated
a i enzyme
o ! /
9 ! / alumina
@ : ! treated
g 0,1 k- ; enzyme
g | T
; 1 ug ThA add:-i
z —
R
i &5 P x=ketoglutarate added
P A 1 b
3 6 -9
minutes
IITI METHODS

Pigeon liver aoetone powder extraoted as desoribed by Kaplan and Lipmann
(8) served as the mouroe of acetate aotivating enztyme. Insoluble materials were
removed by oentrifugation at 18,000 x g for 16 min. Co A was removed from the
extraots by treatment with Dowex-1 (9). Pyruvio oxidase was purified from pigeon
breast musole according to Jagannathan and Sohwoet (10). Purifioation of oL=keto-

glutario oxidase from pig heart followed the prooedure of Sanadi, et al. (7)e
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Acetate aotivating activity was moasured by either of three assay
systemsts (a) the aocotyl-Co A formed by reaoction 1 was non-enzymatiocally oonvertod
to aosthydroxamato in cvhc presonoe of high oonocontrations of hydroxylamine

(reaction 2)(41); (b) inorganic phoephate served as acyl acceptor to form acetyl

acetyl-Co A + hydroxlamine ——=———* CoA < acetylhydroxamate (7)

phosphate in the presence of phosphotransaocetylase (roastion3)(9); (o) oxalc-
aocetate served as aooeptor to form oitrate (roaotion 4)(12)(suffioient oondensing

enzyme is present in the extracts (13),

acetyl-Co A+ Pi == * aoetylphosphato + Co A (8)
phosphotransacotylase

acetyl=Co A + oxaloacotate 5 = A oitrate 4~ Co A {9)

oondensing enzymeo

Pyruvate oxidation wns mcasured by following the rate of dismutation

to aocetyl phosphate, COp and laotatos

pyruvate+ DPN 4 Co A > aoetyl-Co A + COp <+ DFNH (10)
pyruvate oxidase

acetyl=CoA 4 Pi ~———3 pootylphosphate +4 Co A (11)
“phosphotransacetylase

pyruvate <= DPNH w3 Jnotaio 4 DPN (12)
laotio dehydrogenase

ST7M: 2 pyruvate « Pi \:;::‘ acetyl phosphate 4= COy < lactate (13)

Tho initial step in the oxidation of ¥ -ketoglutarate (roaction 9) which

is analogous to the oxidation of pyruvato (roaotion 5), was measurod by following

od-kotogiutarate ++ DPN 4 Co A === * guooinyl-Co A4 COg+DPNH (14)
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the reduotion of DPN by the increase in optioal density at 340 my in the Beokman
DU aspeotrophotometer.

Aoetyl phosphate and aocsthydrcxamate were determined acoording to
Lipmann and Tuttle (14, 15). Citrate was determined aooording to Natelson, et

al. (16). An ammonium sulfete fraction of an extraot of Stroptoooocus faecalis

strain 10Cl whioh had been growing in media deficient in ThA (17) served as
source of phosphotransacetylase and of lactio dehydrogenase.

Protein was determined turbidimetrioally (9), The ThA ocontent of
enzymes was determined manometrioally (17) following hydrolysis in 6 N HpSO4
at 120° ¢, for 1 hour.

Alumina treatments of enzymes were oarried out in ooniocal ocentrifuge
tubes. The enzyme solution was brought to room temperat vre and was then rapidly
stirred for 3 min. with edsorption alumina, The adsorbant was used in a ratio
of 1 gram for eaok 100 mg of protein. The tube was then oooled in an ice bath
and the alumina was allowed to settle, The supernabemp fluid wes pipetted off
and was then eentrifuged at 2000 x g for 156 min, at 49 C, to remove the remainder
of the alumina. Treatment at room temperature appears to effeot more oamplets
splitting of' ThA from the engyme protein and adsorption than is aoccomplished at
lower temperatures. Adsorption alumina with adsorptive oapaoity barely squivalent
to a Broekman oharacterization of II is satisfaotory. Large mesh (80-200)
adsorbant is routinely used dirootly from the manufacturer's oontainer. Aoid or
alkali washings do mot uniformly affeot the ability to adsorb ThA,

Isotoplo exohanges between pyrophosphate and ATP were oarried out with

fraction 4 of tho acetate enzyme frou yeast (19), as dosoribod by Jones, ot ale
(6)e
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PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE,
USE OR SELL ANY PATEN’I‘ED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO.
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